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The regeneration of lens tissue from the iris of newts has become a classical model of developmental plasticity, although little is known about
the corresponding plasticity of the mammalian iris. We here demonstrate and characterize multipotent cells within the iris pigment epithelium
(IPE) of postnatal and adult rodents. Acutely-isolated IPE cells were morphologically homogeneous and highly pigmented, but some produced
neurospheres which expressed markers characteristic of neural stem/progenitor cells. Stem/progenitor cell markers were also expressed in the IPE
in vivo both neonatally and into adulthood. Inner and outer IPE layers differentially expressed Nestin (Nes) in a manner suggesting that they
respectively shared origins with neural retina (NR) and pigmented epithelial (RPE) layers. Transgenic marking enabled the enrichment of Nes-
expressing IPE cells ex vivo, revealing a pronounced capacity to form neurospheres and differentiate into photoreceptor cells. IPE cells that did not
express Nes were less able to form neurospheres, but a subset initiated the expression of pan-neural markers in primary adherent culture. These
data collectively suggest that discrete populations of highly-pigmented cells with heterogeneous developmental potencies exist postnatally within
the IPE, and that some of them are able to differentiate into multiple neuronal cell types.
© 2006 Elsevier Inc. All rights reserved.Keywords: Iris pigment epithelial cell; Neural stem/progenitor; bFGF; Nestin; Pax6; Heterogeneity; Retinal neuron; CD133Introduction
Neural cells with stem and/or progenitor cell properties
(referred to here as stem/progenitor cells) are distributed
throughout the central nervous system of vertebrates
(Lillien, 1998; Gage, 2000). One site populated by them
is the eye, in which their extensive developmental potency
makes ocular tissue a powerful model of postnatal neuronal
differentiation. Stem cells (able to self-renew and differ-
entiate along multiple lineages) and progenitor cells
(precursors committed to programmed differentiation along
a single lineage) are responsible for cellular regeneration
from the ciliary marginal zone (CMZ) in fish and
amphibians (Perron and Harris, 2000). CMZ stem/progenitor
cells continue to divide throughout the lifetime of fish to
produce all retinal cell types including glia and pigmented⁎ Corresponding author. Fax: +81 78 306 3114.
E-mail address: kosaka@cdb.riken.jp (M. Kosaka).
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doi:10.1016/j.ydbio.2006.12.047retinal cells. In cold-blooded vertebrates, cells exhibit a
hierarchy of developmental plasticity that is spatially
graduated from the extreme edge to the posterior CMZ,
with relatively anterior cells exhibiting the most pronounced
multipotency (Wetts and Fraser, 1988). Similar cellular
plasticity is also manifest in the ciliary epithelium (CE) of
postnatal chicken (Fischer and Reh, 2003), and a sub-
population of mammalian CE cells (Ahmad et al., 2000;
Tropepe et al., 2000; Kubota et al., 2002). In mammals, the
differentiation of NR from differentiated RPE can occur in
early embryos, but the capacity is lost during development
(Reh and Pittack, 1995; Zhao et al., 1995; Azuma et al.,
2005) and there is no evidence that it occurs at all in cells
of the CE (Ahmad et al., 2000; Tropepe et al., 2000). The
relationship between mammalian retinal stem/progenitor cell
differentiation and neuronal differentiation by RPE cells
remains unclear.
IPE cells share the same embryonic origin as RPE, CE and
retinal cells and are located in the most peripheral region of
ocular tissue. The IPE has long been known to exhibit a
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adult newt, Notophthalmus viridescens (Collucci, 1891; Wolff,
1895) and subsequent work in newt, chick and human PE cells
has recapitulated such regeneration in vitro (Eguchi, 1986;
Kodama and Eguchi, 1995; Tsonis et al., 2001; Kosaka et al.,
2004). In addition, we have recently shown the first evidence
for retinal stem/progenitor properties of postnatal chick IPE
cells (Sun et al., 2006). Contrastingly little is known about the
neurogenic potential of IPE cells in mammals. We have
previously demonstrated, in collaboration, neural induction
from mixed populations that included iris-derived cells of adult
rats (Haruta et al., 2001); however, these populations were both
genetically manipulated and impure.
We here report that neural stem and/or progenitor cell sub-
populations are inherent to, and persistent in, the IPE well after
birth. Rodent IPE cells display innate neural stem/progenitor
cell properties in vivo and in vitro and direct neural
differentiation without obligate cell division. These analyses
establish the IPE as a novel site of mammalian multipotent
stem/progenitor cells and suggest that the cells exhibit a broader
developmental potency compared to those of all other ocular
sites.Materials and methods
Animals
C57BL/6 mice or Dark Agouti (DA/slc) rats were purchased from SLC
(Japan SLC, Inc.). Wistar rats (SLC) were used for whole mount immunohis-
tochemical analyses and immunocytochemical analyses. Transgenic mouse lines
carried enhanced green fluorescent protein (EGFP) under the control of the beta-
actin promoter (Okabe et al., 1997) or the Nes promoter (pNestin-EGFP
transgenic mice, Yamaguchi et al., 2000); the latter was used to monitor Nes
expression in fluorescence activated cell sorting (FACS) experiments. All
animal maintenance and manipulation was performed in accordance with local
institutional guidelines.
Media
Neural stem cell culture medium (NS medium) was composed of
Dulbecco's modified Eagle's medium/Ham's Nutrient Mixture F12 (DMEM/
F12) (Invitrogen/Gibco) as default, supplemented, where appropriate, with
N2-supplement (Invitrogen/Gibco) and 20–40 ng/ml (w/v) basic fibroblast
growth factor (bFGF) (Peprotech).
Isolation of IPE cells
IPE cells were isolated from postnatal and adult mice and rats essentially as
described (Kosaka et al., 1998; Sun et al., 2006). In brief, eyes were enucleated
and irises carefully incised to avoid contamination by CB, lens and other tissue,
using ophthalmic micro-scissors. In this way, the iris could be clearly
distinguished from other tissue and isolated from it under the microscope
(Fig. 1A). Following dissection, iris tissue was incubated with 1000 U/ml
Dispase (Sanko-Junyaku) in Dulbecco's phosphate saline (PBS) supplemented
with CaCl2 and MgCl2 at 37 °C. Incubation was for 12 min for irises derived at
postnatal day 5 (P5) and 30 min for adult-derived irises, in 35Φmm (SUMILON:
MS-1135R) culture dishes. Irises were then soaked for the same respective times
in 0.13 mM EDTA.Na2 in PBS (lacking CaCl2 and MgCl2) at room temperature
(∼25 °C). This treatment yields iris sheets that can readily be separated from the
underlying stromal cell layer; only IPE cells remain associated in sheets.
Purified IPE sheets were dissociated to produce a predominantly single cell
suspension by incubation with 0.1% (w/v) trypsin (Invitrogen/Gibco) and 0.1%(w/v) collagenase (Sigma) for 2 min at 37 °C. The viability of cells after
dissociation, confirmed by Calcein staining, is typically ∼95%.
Clonal growth assay and BrdU incorporation
Freshly-isolated IPE was dissociated into single cells, mixed at a cellular
ratio of 1000:1 (wild-type/EGFP) and cultured under NS culture conditions with
rotation for 4 days before observing sphere formation by fluorescence
microscopy. Where appropriate, IPE cells were isolated from rats at P11 or
P21 and cultured for 7 days after which time culture medium was supplemented
with 10 μM bromodeoxyuridine (BrdU) for 2 h prior to sphere collection.
Spheres were fixed with 4% (w/v) formaldehyde (FA) in phosphate-buffered
saline (PBS) for 10 min at room temperature and cryosectioned using a standard
protocol. BrdU labeling and detection in sections was with 5-bromo-2′-uridine
labeling and detection kit I (Roche Diagnostics).
Donor age-dependent sphere-formation assay
The sphere-forming potential of IPE-derived cells from three DA/slc rats
(i.e., giving a total equivalent of 6 eyes) each for four different ages (P5, P9, P14
and P21) was assessed following single cell dissociation. IPE cells derived from
a single eye (the average number of fractioned IPE cells per adult rat eye in a
typical experiment is approximately 13,000 in our hands were seeded into NS
medium in the single well of an 8 well, non-coated chamber plate
(approximately 0.7 cm2/well) (Iwaki). After spheres had formed 3–5 days
following cultivation (visible at ×20 magnification), the total sphere number in
each well was counted. Cell proliferation within each sphere was determined
immunocytochemically with an anti-PCNA antibody (e-Bioscience).
Chimeric retinospheroid assay
EGFP-positive P5 mouse IPE cells, E5 chick embryonic retinal cells (ERC)
and E7 chick RPE cells were used for the chimeric retinospheroid assay
essentially as described previously (Rothermel et al., 1997). In brief, two
preparations of mouse IPE-derived cells were used: those dissociated from
acutely-isolated IPE, and those subsequently cultured in the presence of 40 ng/ml
(w/v) bFGF for 2 days and then re-dissociated into cells using 0.4% (w/v) trypsin
and 0.1% (w/v) collagenase for 2–4 min at 37 °C. After dissociation, IPE cells
(4×104 per dish) were co-cultured with E5 chick ERC (4×105 per dish) in 1.5 ml
retinospheroid culture medium (D-MEM with 8% [v/v] fetal calf serum and 2%
[v/v] chick serum) in a tissue culture dish insert (Corning transwell membrane,
Sigma-Aldrich) above a cultured chick RPE monolayer sheet. The dishes were
incubated on a gyratory shaker in a CO2 incubator and the medium was replaced
every 2 days. After 12 days' culture, retinospheroids were selected at random and
prepared for imunohistochemistry.
Immunochemistry
Immunochemistry was with antibodies (mouse monoclonal unless stated
otherwise) shown with working concentrations (v/v) against the following:
EGFP (1/500, Molecular Probes); RetP1/rhodopsin (Rho) (1/10,000, Sigma);
Glutamine synthetase (GS) (1/2000, Chemicon); HPC-1/syntaxin (1/1000,
Sigma); Nes (1/200 for cytology and 1/400 for histology, Chemicon); β-tublin III
(TuJ)(1/500, Sigma); Map2 (1/1000, Sigma); Gfap (1/500, Cy3 conjugated)
(Sigma); oligodendrocyte marker O4 (1/150, Chemicon); Mitf (1/400, Abcam);
rabbit anti-Nes polyclonal antibody (1/100, IBL); rabbit anti-Musashi (Msi1)
polyclonal (1/500, Chemicon); rabbit anti-Pax6 polyclonal (1/500, Covance);
rabbit anti-Notch1 polyclonal (1/200, Santa Cruz Biotechnology); rabbit anti-
CD133 polyclonal (1/150, Abcam); rat anti-CD133 monoclonal conjugated with
Alexa Fluor 488 (1/1000, Chemicon), for FACS.
Cultured cells were fixed for 10 min at room temperature in 4% (w/v) PFA in
PBS, permeabilized and blocked in PBS supplemented with 0.1% (v/v) Triton
and 10% (v/v) normal goat serum for 1 h at room temperature prior to staining
with a primary antibody for 1 h at room temperature or overnight at 4 °C. They
were then washed three times (each time for 15 min) with PB containing 0.05%
(v/v) Triton, followed by incubation with the secondary antibody for 40 min at
Fig. 1. Isolation and sphere-forming potential of rodent IPE. (A) 1, iris, 2, ciliary body (CB). Rigorous elimination of contaminating cells of the CB is achieved by
carefully making an incision along the iris circumference. Intact CB is distinguishable as a pleated structure after separation from iris and cornea (arrow 2 panel in A).
Scale bar=1 mm. (B) IPE-derived spheres from P5 mice cultured in NS medium. (C, D) Spheres produced after 4 days' culture of IPE cells from ubiquitously EGFP-
expressing transgenic and wild-type mice (EGFP-positive: wild-type=1:1000). Scale bar=100 μm. (E–H) BrdU incorporation after 7 days' culture of IPE spheres
derived from P11 and P21 rats (E–H). Scale bar=20 μm. (I) IPE sphere-forming ability as a function of age. (J) Stimulation of sphere formation in IPE-derived cells by
bFGF. IPE cells from P5 DA rats were cultured in N2 medium (±bFGF) or in basal medium −bFGF (−N2/−bFGF) and sphere numbers compared. Histograms show
mean±S.D.
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immunolabelled populations, the relative number of positively staining cells was
expressed as a percentage (mean±S.D.) of the total cell count. >1000 cells were
counted per experiment. For whole mount immunohistochemical analysis of IPE
explants, eyes were resected and fixed with 4% (w/v) PFA overnight and washed
with PB. The iris was surgically excised from the residual cornea and ciliary
body, permeabilized and blocked over night at 4 °C in PB containing 1% (v/v)
Triton X-100 and 20% (v/v) Block Ace (Dainippon Pharmacy). Explants were
washed in PB and incubated with primary antibodies in an incubation solution of
PB containing 0.1% (v/v) Triton-X100 and 10% (v/v) Block Ace for 3 days at
4 °C. They were then stained with Hoechst 33342 (1 μg/ml) and an appropriate
secondary antibody incubation solution. Secondary antibodies were: goat anti-
mouse IgG Alexa Fluor 488, −594; goat anti-mouse IgM Alexa Fluor 488; goat
anti-rabbit IgGAlexa Fluor 488,−594 (Molecular Probes). 2D and 3D sectioning
images of iris tissue were reconstructed using ApoTome (Carl Zeiss).
RT-PCR and TaqMan RT-PCR
Total RNAwas extracted using an RNeasy mini kit (QIAGEN) from acutely-
isolated IPE or N2F spheres (cultured for 2 days in NS medium) derived from P5
C57BL/6 mice. cDNAs were synthesized from 50 ng of total RNA bySuperScript II Reverse Transcriptase (RT) (Invitrogen) primed with oligo
(dT)12–18 according to the manufacturer's instructions. 2 μl of resultant first-
strand cDNAs or RT minus negative controls were subsequently used for
PCR analysis with the following primer pairs: Nes, 5′-CCTCAACCCTCAC-
CACTCTATTTT-3′ and 5′-GCTTTTTACTGTCCCCAAGTTCTC-3′; Notch1,
5′-CCTTGAAGTTCCGGTTTGAGG-3′ and 5′-GTCTGTCTGGT-
TGTGCAAGCTG-3′; Otx2, 5′-AGGAGCTGAGTCGCCACCTC-3′ and
5′-GTAGCCCACGGAGGGATGCA-3′; Pax6, 5′-AGACTCGGATGAAGCT-
CAGATGCG-3′ and 5′-ACTGGTACTGAAGCTGCTGCTGAT-3′; Gli1,
5′-TTCGTGTGCCATTGGGGAGG-3′ and 5′-CTTGGGCTCCACTGTG-
GAGA-3′; Ptc, 5′-GGTCACACGAACAATGGGTCT-3′ and 5′-CACATTC-
CACGTCCTGTAGC-3′; Smo, 5′-TGGCATCCAGTGCCAGAACCCGCT-3′
and 5′-ACGGTACCGATAGTTCTTGTAGCC-3′; Olig2, 5′-CCACGTCTTC-
CACCAAGAAA-3′ and 5′-CACCAGTCGCTTCATCTCCT-3′; Actb, 5′-
AGGAAGGAAGGCTGGAAGAG-3′ and 5′-GGCATCCTGACCCTGAAGTA-
3′. PCR was performed with the parameters: 94 °C, 30 s; 55 °C (Pax6, Gli1, Ptc,
Smo, Olig2, Actb, Otx2) or 62 °C (Nes, Notch1), 30 s; 72 °C, 30 s. The number of
cycles (20 to 35) was determined empirically for each amplimer. PCR products were
separated on a 2% (w/v) agarose gel and stained with ethidium bromide for
visualization. RT-negative reactions consistently failed to yield products. To
quantify mouse Nes expression, we utilized the TaqMan PCR system with an ABI
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TaqMan PCRprimers and probeswere purchased fromApplied Biosystems (Assay-
on-Demand™, Gene Expression Products; Assay ID: Mm00450205_m1 for Nes,
and Hs99999901_s1 for 18S rRNA). Parallel TaqMan PCR assays for each gene
target were performed with cDNA samples (4 ng) derived from iris tissue of P4, P11
or P19 mice. Reaction mixtures contained 1× TaqMan Universal PCR Master Mix
(AppliedBiosystems), 1× specific Primer andProbeMixture. PCRamplification and
data analyses were performed as recommended by the manufacturer. To compare
relative gene expression levels between samples, signalswere normalized against the
corresponding value for 18S rRNA (internal control).
Sorting Nes-expressing IPE-derived cells
Fluorescent IPE-derived cells from pNestin-EGFP transgenic mice were
dissociated into single cells by treatment with 0.1% (w/v) trypsin plus 0.1% (w/
v) collagenase, and isolated on a FACS Aria (BD Biosciences) in purity mode
with low sample pressure. Data were analyzed with FACS Diva software (BD
Biosciences). Non-fluorescent wild-type C57BL/6 IPE cells served as a negative
control for background fluorescence determination; experimental samples
contained <1% non-fluorescent contaminating cells in any given sort. For
sphere formation assays, cells corresponding to 5000 sorting events (both
fluorescent and non-fluorescent) were used to inoculate 30 μl NS medium in
hanging drop cultures. After 2 days, spheres had grown to a countable size.
Direct neural differentiation assay
Unsorted cells from the IPE of C57BL/6 mice (P5), or cells of different
regions of the FACS sort of P5 pNestin-EGFP transgenic mice were inoculated
at low density (2000 cells/well) into laminin-coated 8 well chamber slides (BD
Biosciences) in NS medium. For effective neural induction and inhibition of cell
proliferation, 40 ng/ml (w/v) bFGF was added only once, at the time of
inoculation. Culture was for ∼14 days without further bFGF supplementation,
allowing the initial bFGF inoculum to gradually become exhausted.
Results
Neural stem/progenitor cell properties of IPE-derived cells
cultured with bFGF
It has previously been reported that the mammalian IPE lacks
neural stem/progenitor cells (Ahmad et al., 2000; Tropepe et al.,
2000). We wished to revisit this issue in view of our work on
chicks (Sun et al., 2006) and adapted the method we then used
to obtain highly-purified populations of mammalian IPE cells.
Single cells were cultured from acutely isolated mouse IPE
tissue (Fig. 1A) in conditions permissive for neurosphere
formation (NS culture). Cells dissociated from the IPE of 5-day-
old (P5) wild-type C57BL/6 mice formed spheres (N2F
spheres) when cultured in the presence of bFGF (Fig. 1B).
The spheres reproducibly lost their pigment during proliferation
and their peripheries often became hypopigmented (arrows in
Fig. 1B). Spheres consistently had the appearance of shiny balls
and could be clearly and easily distinguished from disorganized
cell aggregates, which had an irregular surface containing
highly pigmented IPE cells. The smallest N2F spheres
contained approximately 10 cells.
To distinguish between the possible contributions of cell
proliferation and aggregation to sphere formation, clonal sphere
forming activity was assayed indirectly using mixed cultures
derived from wild-type mice, and transgenic mice ubiquitously
expressing enhanced green fluorescent protein (EGFP) (Fig.
1C). The resulting N2F spheres exclusively contained EGFP-expressing or -non-expressing IPE-derived cells after 4 days
(Figs. 1C, D) suggesting that they typically formed as a result of
clonal proliferation rather than aggregation.
We also observed proliferation (measured by BrdU incor-
poration) in rat IPE-derived spheres at P11 (Figs. 1E, F) and P21
(Figs. 1G, H), which indicated that the proliferative capacity of
IPE cells persists well beyond birth. BrdU incorporation was
often associated with pigment depletion. IPE-derived spheres
could be obtained from different rodent species at different ages,
including mouse (P5 to adult) and rat (P3 to adult). Sphere-
forming ability was extant after ≥4 passages, analogous to
chick IPE cells (Sun et al., 2006). The number of spheres
generated per eye from rat IPE-derived cells decreased with age
from ∼3% (≥300 spheres per eye) at P5 to ∼0.1% (∼10
spheres per eye) at P21 (Fig. 1I).
The mitogen bFGF has previously been reported to promote
sphere formation by CE-derived cells (Ahmad et al., 2000; Das
et al., 2005). We therefore determined whether bFGF affected
sphere formation from rat P5 IPE-derived cells and found that it
stimulated sphere formation 3.5-fold (Fig. 1J). However, IPE-
derived cells were able to form spheres even in the absence of
exogenous bFGF (Fig. 1J), although they underwent less
pronounced pigment depletion (data not shown).
We characterized cells in IPE-derived primary spheres using
markers for neural stem/progenitor cells (Figs. 2A–H). The
majority (>90%) of cells in the early phase of N2F sphere
growth stained strongly for both Nes (Lendahl et al., 1990) and
Msi1 (Kaneko et al., 2000) (Figs. 2A–D). Pax6 was detected
(Marquardt et al., 2001) (Figs. 2E–H), although the retinal
progenitor marker, Chx10 (Ahmad et al., 2000) was not.
Markers of differentiated neurons, such as TuJ and Rho, were
not detected during early (2 days) culture (data not shown).
Prolonged sphere culture in the presence of FBS induced
markers that included Chx10, Rho (data not shown), TuJ (Fig.
2J), GS (characteristic of Müller glia) (Fig. 2K) and HPC1/
syntaxin (characteristic of amacrine cells) (Fig. 2L). Retinal cell
markers were detected on series of sections of clonally
expanded N2F spheres cultured with FBS. Steady state levels
of mRNAs for Nes, Notch, Otx2 and Pax6 (Zhang et al., 2000)
increased after in vitro culture with bFGF (Fig. 2I). Although
transcripts associated with the Shh signaling pathway (Gli1, Ptc
and Smo) were detected among all samples, Shh and Ihh
themselves were not (Fig. 2I). In addition, transcripts for the
gliogenic progenitor marker Olig2 were detected both before
and after N2F sphere formation (Fig. 2I).
To investigate the capacity of IPE-derived cells to differ-
entiate into retina-specific neurons such as photoreceptor cells,
we employed the retinospheroid assay, inwhich chick embryonic
retinal progenitor cells have been shown to differentiate and
faithfully reconstruct retinae in vitro (Rothermel et al., 1997)
(Fig. 3). We investigated this in the mouse under conditions that
would support the formation of heterospecific, mouse IPE-chick
embryonic retinal cell chimeric retinospheroids. Single cells
were dissociated from the acutely-isolated P5 IPEs of a mouse
transgenic line ubiquitously expressing EGFP, and either used
immediately or first cultured inNSmedium (containing 40 ng/ml
bFGF) for 2 days prior to the assay (Figs. 3A–D). Co-culture was
Fig. 2. Expression of stem/progenitor and differentiated neural cell markers in N2F spheres. (A–H) IPE cells were isolated from P5 mice and cultured for 2 days in NS
medium (+bFGF) and the resultant N2F spheres subjected to immunocytochemical analyses with Hoechst 33342 using antibodies against the markers indicated. (I)
RT-PCR analyses showing temporal changes in gene expression in P5 intact IPE (0 h) and in N2F spheres following 2 days of culture (48 h). (J–L) Expression of
retinal cell type specific markers in prolonged N2F spheres cultured in the presence of added FBS for 30 days. Scale bar=20 μm.
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two groups differed markedly (compare Figs. 3B and D).
Where the IPE-derived cells had not been pre-cultured, few
integrated into the retinospheroids but preferentially contrib-
uted to homotypic, EGFP-positive IPE spheres (Fig. 3B). In
contrast, pre-cultured cells predominantly integrated into the
retinospheroids (Fig. 3D). Retinospheroid nuclear staining
(Fig. 3E) revealed a structure similar to that of intact mouse
retina (Fig. 3E′). This was corroborated by further staining of
Rho in a structure resembling the outer nuclear layer (ONL)
(Fig. 3E) and anti-GS staining (data not shown); the finding
that mouse IPE-derived cells present in the ONL of the
retinospheroid clearly containing Rho suggested that they
possessed photoreceptor-like qualities (Fig. 3F). These results
indicate that in response to bFGF, mouse IPE cells can assume
characteristics necessary for integration into retinospheroids
and subsequently respond to spatial cues in their new
microenvironment to generate retinal progenitors.
Nes- and Pax6-expressing cells in IPE in vivo
The detection of transcripts for Nes, Notch, Otx2 and Pax6
in native IPE in vivo (Fig. 2I) suggested the existence of sub-
populations of cells inherently expressing neural stem/progeni-
tor marker genes. Quantitative RT-PCR (qRT-PCR) showed that
while Nes gene expression was readily detectable in the IPE atP4, it decreased >10-fold from P4 to P19 (Fig. 4A). However,
these results indicate that some Nes-expressing cells persist in
both early postnatal and adult IPE.
Whole mount immunohistochemical analysis of P4 rat iris
tissue revealed rows of nuclei corresponding to outer and inner
IPE layers (Fig. 4B), with Nes expression restricted to the inner
layer (Fig. 4C) and Pax6 distributed bilaterally between both
layers (Fig. 4D). Nes-expressing cells exhibited a mosaic
distribution within the inner layer at P4, P14 and P21 (Figs. 4E,
G, I) but were absent from the outer layer (Figs. 4F, H, J). The
number (∼100% of the inner layer at P4) and staining intensity
of Nes-positive cells had decreased by P14 (Fig. 4G) and P21
(Fig. 4I). Nevertheless, ∼17% of cells expressed Nes protein in
the inner layer of intact adult (P21) rat IPE (n=5) to varying
degrees (Fig. 4I). Higher resolution imaging of strongly-
expressing Nes-positive (Nes++) cells in P21 rats revealed that
the cells were at typically M-phase, in anaphase (∼3 per inner
layer, n=5) (Fig. 4K).
Whole mount immunohistochemical analysis of P4 rat IPE
showed that Pax6 was predominantly located in the nucleus
(Figs. 4L–O), and that although levels declined with age, Pax6
was detectable bilaterally in inner and outer layers at P14 (Figs.
4N, O) and persisted, albeit more weakly, at P21 (data not
shown). Cells sharing the characteristics of neural stem cells
thus clearly exist within postnatal IPEs of different species in
vivo, where they are likely to be capable of proliferation. The
Fig. 3. Chimeric-retinospheroid assay by co-culture of mouse IPE-derived cells
with chick retinal progenitor cells. Acutely dissociated EGFP-positive mouse
IPE cells ① (A, B) or dissociated EGFP-positive IPE cells derived from N2F
spheres that had been pre-cultured in N2 medium+bFGF ② (C–F) were co-
cultured with chick embryonic retinal cells. Green fluorescence indicates mouse
IPE-derived cells (B, D, F). (E) Representative retinospheroid section following
nuclear staining with Hoechst 33342, revealing a reconstituted retinal structure
among cells of a clearly recognizable outer nuclear layer (ONL). (E') Mouse
retinal section stained with anti-Rhodopsin (Red signal in panel E),
corresponding to the ONL of the retinospheroid. (F) Anti-Rhodopsin staining
of a single representative retinospheroid from (C). An arrow indicates a
Rhodopsin-positive mouse IPE-derived cell located in a region corresponding to
the ONL. Scale bars=100 μm.
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in sphere forming potential (see Fig. 1I). To corroborate these
findings, we next extended our analysis to additional stem cell
marker expression in IPE cells.
Cellular heterogeneity in postnatal IPE
Freshly-isolated P11 rat IPE cells expressed Nes (∼28±6%),
Pax6 (52.9±4.1%), Msi1 (36.4±5.3%), Notch (10.8±5.2%)
and CD133 (Lee et al., 2005) (11.5±4.5%) (Fig. 5A), with good
agreement between whole mount staining and immunocyto-
chemical analyses. Dual staining indicated that 22.7±2.6% of
IPE cells co-expressed Nes and Msi1 (Figs. 5A–D), equivalentto 62.4% of Msi1-expressing cells (Fig. 5A). A relatively small
proportion of CD133- or Notch-expressing cells co-expressed
Nes (8.9±3.3% and 6.3±4.5% respectively) (Figs. 5A, E–G).
These data point to heterogeneous expression of markers
characteristic of neural stem cells and the possibility that
different subpopulations reflect dynamic differences throughout
postnatal IPE. This is unexpected given that postnatal IPE had
previously been considered a terminally differentiated and
homogeneous tissue (Tsuji et al., 1988).
A role for Nes-expressing IPE cells in N2F sphere formation
To isolate and better characterize Nes-expressing IPE cells,
we utilized a transgenic mouse line in which EGFP expression
is being driven by the Nes promoter, referred to here as pNestin-
EGFP (Yamaguchi et al., 2000). When acutely-isolated IPE
cells from P5 pNestin-EGFP mice were analyzed by FACS, 6–
10% gated through the EGFP-positive channel (Fig. 6A). This
proportion declined to ∼0.3% in P30 pNestin-EGFP mice (data
not shown). The sorting efficiency was assessed using anti-GFP
and -Nes antibodies (Figs. 6B–I). ∼80% of sorted EGFP-
positive cells from P5 mice stained strongly with anti-Nes
antibody (Fig. 6D), whereas native Nes expression was rarely
detected (<8%) in EGFP-negative cells (Fig. 6H). All cells
possessed pigmented granules and nuclear Mitf expression
characteristic of the IPE (Fig. 6J) (Tachibana, 2000). IPE cell
nuclei were not necessarily central nor were they of uniform
size; differences were associated with different rates and
degrees of pigment depletion during culture. These data show
that Mitf is expressed postnatally in the iris, and contrasts with
both the CB and RPE of postnatal rodents, in which Mitf is not
expressed (Lord-Grignon et al., 2006). The majority (>90%) of
both sorted EGFP-positive and -negative IPE cells contained
pigment granules and Mitf protein (Fig. 6K). (The high
proportion of Mitf-expressing sorted cells also strongly argues
against contamination of preparations by CE.) These results
suggest that there are at least two subpopulations within well-
differentiated postnatal IPE tissue: one in which the Nes
promoter is active and another in which it is quiescent.
We harnessed the pNestin-EGFP system to evaluate the
relationship between Nes expression in IPE-derived cells and the
ability of the cells to generate spheres. FACS-acquired pNestin-
EGFP-positive and -negative IPE cells were cultured in hanging
drop culture (Fig. 6A). Following 2 days of culture, spheres of
∼10 cells were detected in drops derived from the EGFP-
positive cells (Figs. 6L, M). Some of these cells exhibited
pigment depletion akin to depigmentation in N2F spheres (Fig.
6M, arrow). The proportion of cells that formed spheres
correlated with EGFP (i.e., Nes) expression (Fig. 6N), suggesting
that Nes-expressing IPE-derived cells are predominantly respon-
sible for sphere formation.
The potential of IPE cells to undergo neural differentiation
along multiple pathways
We next investigated whether non-neural cells from total
IPE of P5 C57BL/6 mice could undergo a direct phenotypic
Fig. 4. Gene expression within intact IPE tissue in rats of different ages. (A) Quantitative gene expression analysis by qRT-PCR of NestinmRNA in iris tissue from rats
at P4, P11 and P19. (B) Schematic showing the two epithelial layers (inner and outer) and stromal lining in sectioned iris tissue. Immunohistochemical staining for
Nestin (C) and Pax6 (D) in albino rat P4 iris sections and (E–O) whole mounts at P4, P14 and P21. Scale bars=20 μm. (K) Nestin++ cells in the inner layer of P21 rat
IPE. Scale bar in panel K=5 μm. Nuclear counterstaining was with Hoechst 33342 throughout.
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whether cell division was an obligate intermediary step.
When freshly-isolated (non-sorted) IPE cells were inoculated
at low density onto laminin-coated surfaces in differentiation
medium (NS medium without bFGF replenishment), they
gradually underwent pigment elimination and assumed a
neuronal morphology (Fig. 7A). Since most cultured IPE-
derived cells undergo such morphological conversion after
prolonged culture even though not all express Nes (Figs. 6H,
K; data not shown), the clear implication is that IPE cells
that had lacked Nes at the beginning of the experiment had
also adopted neuronal signatures.
We extended this analysis by assessing neural differentiation
after 2 weeks as indicated by the presence of Map2, TuJ, Gfap or
the oligodendrocyte marker, O4 (Figs. 7B–E). Both EGFP-positive and -negative cells initiated expression of these markers,
suggesting differentiation into neural cells. Expression of the
markers was apparently mutually exclusive.
After 11–13 days of non-proliferative culture without
bFGF replenishment, ∼80% of cells that had been EGFP-
negative at the time of sorting had become positive for
markers of neurons, glia or oligodendrocytes (Fig. 7F).
Culture in the absence of exogenous bFGF (i.e., without
even an initial exposure) produced lower numbers of
oligodendrocytes, and neuron-like cells were rare (Fig. 7F).
EGFP-positive cells cultured on laminin in the presence of
bFGF elicited a sub-population (∼5.6%) expressing Rho, with
a single nucleus and an elongated cellular body characteristic
of photoreceptor morphology (Fig. 7G). The proportion of
Rho-positive cells induced from the EGFP-negative fraction
Fig. 5. Heterogeneous neural stem/progenitor sub-populations among IPE cells of P11 rats. (A) Freshly-dissociated IPE from P11 rats stained as indicated, showing
percentages positive for respective markers (white) and double-stained for Nes and markers as indicated (black). Total cell counts were determined by Hoechst 33342
counterstaining. Histograms show mean±S.D. (B–G) Dual staining of IPE cells revealed neural stem/progenitor sub-populations expressing stem cell markers as
indicated. Scale bars=50 μm.
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morphology rarely detected. Together, these data suggest
that one or more sub-populations of P5 Nes-non-expressing
IPE cells are able to differentiate into neurons under adherent
conditions in a manner that is stimulated by bFGF.
Nes was absent from >90% EGFP-negative IPE cells in
pNestin-EGFP mice (Figs. 7I and J), although ∼40±7%
exhibited Nes expression after culture for 1 day in vitro (Figs.
7K and L). During this period, few if any cells died (data not
shown) and there was no marked proliferation; under such low
cell density culture conditions, BrdU-positive cells accounted
for only ∼0.6% (n=2581) of the total. Extended culture for
14 days yielded TuJ-positive cells, but none were labeled with
BrdU (data not shown).
To investigate further whether cell division was required for
differentiation, cytokinesis was blocked with nocodazole; ∼25%
of EGFP-negative IPE-derived cells from pNestin-EGFP mice
became Nes-positive when cultured for 1 day in the presence of
nocodazole (compared to ∼40% in its absence). These data
strongly suggest that IPE-derived Nes-negative cells initiate Nes
expression without cell division (Fig. 7M).
Although Nes induction was stimulated by exogenous bFGF, it
was not absolutely dependent upon it; the number of cells
expressing Nes was boosted 2-fold in the presence of bFGF (Fig.
7M). As expected, Nes expression was sustained in bFGF-supplemented cultures derived from EGFP-positive cells (Figs. 7K
and M). These data together indicate that most postnatal IPE cells
have the potential to differentiate in vitro along multi-neuronal
lineages–but not efficiently into retinal specific cell types–via one
of several pathways irrespective of whether they initially expressed
Nes in vivo.
CD133 identifies a subpopulation of proliferative IPE cells
We posited the existence of an IPE sub-population expressing
CD133 and Nes concomitantly (Fig. 5A) and tried to isolate it by
FACS. CD133-positive cells were surface-labeled (arrow in Fig.
8A) and accounted for ∼10% of the total (Fig. 8B). Among
acutely dissociated IPE cells from P5 mice, 84.3 (±3.6)% CD133
immuno-positive cells concomitantly expressed Nes, with
analogous results for rats (Fig. 5A). The proliferative potentials
of CD133-positive and -negative IPE cell populations were
compared following hanging drop culture in NS medium (see
Fig. 6). The proportion of cells forming spheres after 2 days
correlated with CD133 expression (Fig. 8C); greater sphere
forming potential was observed in CD133-positive IPE cell
culture, a value which exceeded even the sphere forming
potential of Nes-positive IPE sub-populations (∼18 spheres/30 μl
medium vs 10 spheres/30 μl medium respectively) (cf. Figs. 6N
and 8C).
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derived fractions and cultured in NS hanging drops for
2 days were distinguishable (Figs. 8D and E). The CD133-
positive fraction yielded spheres containing proliferating cells,
some of which expressed Nes and Msi1 (data not shown)Fig. 6. Characterization of stem/progenitor cell properties of pNestin-EGFP-positive
EGFP mice indicating EGFP-positive (green square) and -negative (red square) frac
-Nes antibodies immediately after sorting. (J) Immunocytochemical staining of P5 w
cells, Mitf. Nuclei stained with Hoechst 33342 (E, I, J). (K) Immunocytochemical
fractions. (L, M) EGFP-negative and -positive IPE-derived cells cultured for 2 day
(arrow in panel M). Scale bars=20 μm. (N) Percentages (mean±S.D.) of spheres fo
2 days; P<0.001 (Student's unpaired t-test).whereas some of CD133-negative cells acquired TuJ and/or
Nes expression (data not shown), adopted a neuronal
morphology and underwent pigment depletion (Fig. 8D).
Such pigment depletion contrasts with the behavior of sorted
Nes- (i.e., EGFP-) negative IPE cells, which remainedand -negative IPE cells. (A) FACS of IPE cells from P5 wild type and pNestin-
tions. (B–I) EGFP-positive and -negative cells were stained with anti-GFP and
ild-type mouse IPE cells using the marker of differentiated pigmented epithelial
analyses with Nes or Mitf antibodies on EGFP-positive and -negative sorted
s. Small spheres were predominantly derived from the EGFP-positive fraction
rmed by cells sorted from EGFP-negative and -positive regions after culture for
Fig. 7. Evidence for direct conversion from non-neuronal to neuronal phenotypes in mouse IPE-derived cells. All cells are from the IPEs of pNestin-EGFP mice. (A)
Mouse (wild-type) P5 IPE-derived low density primary adherent culture after 2 week s. (B–E) Immunocytochemical analyses of EGFP-negative cells stained with
Map2 (B), TuJ (C), Gfap (D) and O4 (E). (F) Cells with neural phenotypes were induced from EGFP-negative cells cultured for 11–13 days with or without transient
exposure to bFGF. (G) Representative Rhodopsin-expressing cell from the EGFP-positive fraction after culture for 14 days in vitro. (H) Proportions of Rhodopsin-
expressing cells as a total of those derived from EGFP-positive and -negative subpopulations after 14 days' culture in vitro; histograms show mean±S.D. p<0.015
(Student's unpaired t-test). (I–L) Sorted EGFP-positive and -negative cells stained with anti-Nestin antibody at the time of sorting and after culture for 1 day. Scale
bar=50 μm. (M) Ratio of Nes-positive cells following FACS at the sort time (0 h) and 1 day after culture (24 h) in different conditions with or without bFGF; p<0.002
(Student's unpaired t-test).
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data indicate that CD133 marks the proliferative fraction of
IPE cells and can be used to enrich it.
Discussion
Heterogeneity and developmental plasticity in postnatal
mammalian IPE
The validity of in vitro studies critically depends on their
relationship to the situation in vivo. We assessed this relation-
ship for the IPE in several ways.First, we found that acutely isolated mammalian IPE cells
clearly possessed neural stem/progenitor cell properties in
vitro; they were capable of neurosphere formation and
multipotential neural differentiation. The neural stem/progeni-
tor cell marker, Nes (Lendahl et al., 1990; Clarke et al., 1994;
Shibuya et al., 2002; Geloso et al., 2004) and its transcript
were present in the IPE of postnatal mice and rats (Figs. 2I
and 3). We are uncertain why developmental plasticity was
undetected in previous reports (Ahmad et al., 2000; Tropepe
et al., 2000), but the critical difference(s) may be technical.
Unlike earlier work, we employed a meticulous and gentle
method to obtain highly enriched populations of viable IPE
Fig. 8. Analysis of the proliferative IPE sub-population from postnatal wild-type
mice using CD133. (A) CD133 staining of acutely-isolated IPE cells from P4–
P5 mice showing a representative cell (arrow). (B) FACS of CD133-stained and
non-stained (control) IPE cells. (D) Sphere forming potentials of sorted
fractions, showing mean±S.D. p<0.02 (Student's unpaired t-test). (D and E)
Representative cells derived from CD133-negative or -positive IPE cells
following culture for 2 days. Scale bars=50 μm.
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during purification of IPE cells is likely to have been an
important factor in ensuring the survival of stem/progenitor
cell subpopulations.
Secondly, our data provide an explanation for earlier
experiments in which tritiated thymidine incorporation indi-Fig. 9. A model showing hypothetical pathways of cellular proliferation and diffe
Nes-expressing cells in the IPE inner layer proliferate in response to bFGF or a fu
also express CD133 in NS culture conditions. Nes-expressing IPE cells exhibit mul
cell types (RSC). IPE cells from the outer layer are non-proliferative and exhibit res
expressing cell (PNC) types in a bFGF- and/or ECM-responsive manner. The bFG
ones without cell division implies ‘de-differentiation’. ‘Direct cell fate conversion’
potencies in a Nes-independent manner.cated the presence of an unattributed mitotic activity in rat iris
that lasted until at least P12 or P13 (Gloor et al., 1985). We
detected Nes-expressing mitotic cells in vivo in the IPE inner
layer into adulthood in rats (Figs. 4G, I). These mitotic cells
possessed a chromosomal morphology and spindle orientation
indicative of anaphase, and the resulting division was
apparently symmetrical with respect to Nes expression (Fig.
4K). Although both inner and outer layer IPE cells were
pigmented and morphologically homogeneous in postnatal
tissue, they exhibited distinctive gene expression profiles, with
cells of the inner layer expressing genes such as Nes that are
characteristic of stem/progenitor cells. It is tempting to
speculate that within the adult IPE, mitotic cells retain some
characteristics of neural stem/progenitor cells from much earlier
developmental stages, whilst becoming morphologically indis-
tinguishable from highly pigmented IPE cells.
Thirdly, bFGF-dependent sphere-formation by IPE cells was
predominantly due to cells expressing Nes in vivo, which were
restricted to the inner layer of the IPE (Figs. 4C, E, G, I). Thus,
in utilizing the Nes promoter, these data correlate ocular stem/
progenitor marker expression in vivo to the ability to form
neurospheres in vitro (Figs. 4 and 6).
Fourthly, mRNAs characteristic of neural stem cells and retinal
progenitor cells were detected in intact IPE (Fig. 2I), and
immunocytochemical characterization indicated the presence of
distinct classes of putative stem/progenitor cells (Fig. 5). Notch
and CD133 are regarded as broad markers because they are
associated with both neural and hematopoietic stem cells (Duncan
et al., 2005; Lee et al., 2005; Shmelkov et al., 2005; Toren et al.,
2005), and the IPE of P11 rats contained sub-populations
expressing Notch and CD133 both with and without co-expression
of Nes (Fig. 5A). These data argue for heterogeneity of multipotent
marker expression which could either reflect priming of different
subpopulations for different tasks, or the co-existence of differentrentiation by mammalian IPE cells. ECM-independent proliferation in which
nctional analog. The model holds that most proliferative Nes-expressing cells
tipotent neural differentiation including the capacity to generate retina-specific
tricted neuronal potency which is nevertheless able to elicit pan-neural marker
F-dependent ability of Nes non-expressing cells to give rise to Nes-expressing
(dotted arrow) could modulate differentiation into PNC of relatively restricted
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address further whether a correlation existed between the pattern of
marker gene expression and function within the IPE (Fig. 5), we
utilized CD133 expression to identify putatively proliferative cells
(Fig. 8). The CD133-deficient subpopulation is of itself hetero-
geneous; some of these cells–possibly including those expressing
Nes–retained their capacity to differentiate into neurons without
the potential to proliferate.
Together, these experiments support a model of hetero-
geneous cellular plasticity within the IPE presented in Fig. 9.
This simple model (discussed further below) does not attempt
to account for the possibility of cell–cell signaling in IPE cell
differentiation, although this is likely to occur. Nes-expressing
cells in the IPE inner layer are multipotent, as indicated by
their ability to form spheres and differentiate into multiple-
neural cells including retina-specific cell types. Although our
analysis of sphere forming potential using pNestin-EGFP
transgenic mice showed that it mostly resided in the EGFP-
positive fraction, not all cells expressing Nes could proliferate
(Fig. 6N). This may reflect hierarchical heterogeneity within
the Nes-expressing IPE sub-population, a further sub-popula-
tion of which is proliferative and expresses CD133 (Figs. 5
and 8). Although, developmental potency is reduced in cells
that lack Nes, some Nes-deficient cells in outer layer IPE are
able to initiate Nes expression absent cell division. One
interpretation of this is that the cells move from a more
differentiated state to a relatively poorly differentiated one
(i.e., expressing Nes), supplementing pre-existing iris devel-
opmental plasticity (Fig. 9).
Close parallels between mammalian IPE and the CMZ of lower
vertebrates
Several lines of evidence argue the equivalence of
mammalian IPE and the CMZ of lower vertebrates. First, like
the CMZ (Perron and Harris, 2000; Amato et al., 2004), a sub-
population of IPE cells possesses neural stem/progenitor cell
properties as indicated by marker gene expression, neurosphere
formation and the potential to differentiate into neural cell types
including retinal specific cells, at least in vitro. Secondly, in our
system, Nes expression correlates with proliferation and
differentiation into photoreceptor cells in vitro (Figs. 6N, 7H,
and 9). Thirdly, Nes protein expression was restricted to the
inner layer of postnatal IPE (Figs. 4C, E–J), supporting the idea
that this region developmentally overlaps with the most
peripheral region of the retina akin to the CMZ (Amato et
al., 2004). The activation of CB/CMZ stem/progenitor cells in
chick embryos is stimulated by bFGF (Park and Hollenberg,
1993), whose signaling pathway can be utilized by Shh
(Spence et al., 2004). In this study, bFGF displayed an
analogous effect on the proliferation of mammalian IPE neural
stem/progenitor cells in vitro. We detected expression of the
bFGF receptor, Fgfr2, within the inner layer of intact IPE tissue
of P4 rats (data not shown) indicating that the machinery exists
to execute a similar mechanism in vivo. The correlation
between proliferation and expression of genes of the Shh
pathway (Fig. 2I) also implies that IPE stem/progenitor cellsare related to retinal precursor cells (Jensen and Wallace, 1997;
Wang et al., 2002). Finally, bFGF-induced IPE-derived cells
were multipotent with respect to neural differentiation,
producing neuronal types that included retina-specific neurons
and glia in vitro (Figs. 2 and 7).
From IPE to neuronal cell: distinguishing features of the
differentiation pathway
This work demonstrates that most IPE-derived cells can
efficiently differentiate into neurons and glia without active
cell division (Fig. 7). Notably, this differentiation requires
neither (i) an obligate intermediary sphere-forming step or
(ii) genetic manipulation (Haruta et al., 2001). These
characteristics contrast with those of CE-derived cells,
which do require intermediate neurosphere forming steps
(Ahmad et al., 2000; Tropepe et al., 2000). Moreover, the
efficient induction of O4-positive oligodendrocyte-like cells
(Fig. 6D) has not been achieved in cells derived from either
the CE or RPE (Ahmad et al., 2000; Tropepe et al., 2000),
further attesting to enhanced developmental plasticity of the
IPE.
In our culture system, bFGF altered both proliferation and
differentiation of IPE-derived cells (Figs. 1J, 7F, and 9). The
pleiotropic activity of bFGF is functionally corroborated by the
retinospheroid assay, which required mouse IPE cell pre-
treatment to ensure efficient integration into re-constructed
chick embryonic retina and to ensure subsequent region-specific
retinal differentiation (Fig. 3). One interpretation of this is that
bFGF stimulates the IPE to generate retinal progenitor-like
cells. It is possible that bFGF acts synergistically with ECM
molecules such as laminin to ensure the functional integration of
differentiated cells (Flanagan et al., 2006). Neural differentia-
tion was suppressed when cells were cultured on a different
ECM such as collagen (data not shown), supporting a specific
and synergistic role of laminin in the neural differentiation of
IPE cells.
Recently, it was reported that only relatively differentiated
post-mitotic precursor cells were able to integrate functionally
into the postnatal mouse retina as rod precursors, and that
proliferating stem/progenitor cells were unable to do this
(MacLaren et al., 2006). These results are consistent with the
retinospheroid assay using IPE cells of P5 mice (Fig. 3). In this
assay, some of the cells originating in primary IPE N2F
spheres differentiated efficiently to elicit cell types such as
photoreceptors with an appropriate spatial organization; they
were correctly orientated with respect to neighboring cells in
the INL (Fig. 3F). Thus, some IPE stem/progenitor cells
change their cellular potency–for example producing post-
proliferative rod-precursors–in vitro in a manner that is
responsive to spatial cues. Taken en bloc, our data imply
that these responsive stem/progenitor cells are derived from in
the IPE inner layer (Fig. 9).
The question of whether direct or indirect models of
differentiation best explain our data hinges upon whether or
not intermediary ‘precursors’ preempt the appearance of
neurons and glia from IPE-derived cells. Our present work
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cells (Fig. 9); 30–40% of the EGFP-negative fraction of IPE
cells of pNestin-EGFP mice rapidly (after 1 day in culture)
became up-regulated for Nes expression (Figs. 7L, M). Nes
acquisition by the same cells was also significant (∼25%) when
cell division was inhibited. The behavior of this subpopulation
is explained if it arose following ‘de-differentiation’ of
differently specialized (Nes-negative) IPE cell types (Figs. 7L
and 9). It is possible that this population of Nes-negative cells
possesses lower potency relative to their Nes-positive counter-
parts (Figs. 7H and 9) but the relationship between the two
populations awaits clarification. The finding that a high
proportion (>80%) of EGFP-negative IPE cells differentiated
into neural cells of multiple lineages (expressing TuJ, Gfap or
O4) but not into retinal specific cell types, when appropriately
stimulated (Fig. 7F) hints at the existence of multiple neural
differentiation pathways emerging from Nes non-expressing
IPE cells (Fig. 9). It remains unclear how these cells arrive at
their neuronal fates. We provide evidence that they are able to
differentiate directly, without intermediates (dotted line in Fig.
9), yet it is alternatively possible that we failed to identify
candidate precursors either because they are very short-lived or
because we simply do not know the appropriate markers with
which to identify them. Further elucidation will be needed for a
more precise close-up of neural differentiation from IPE cells.
A related assumption in this work is that the sustained
expression of Pax6, which is a putative ‘master regulator’ of
eye development and also a ‘maintenance factor’ of retinal
progenitors (Gehring and Ikeo, 1999; Ashery-Padan and
Gruss, 2001), reflects a unique property of IPE cells, enabling
them to exist in a cell-type convertible state independently of
Nes expression. Consistent with a recent report in a different
system (Lord-Grignon et al., 2006), Pax6 was expressed in
both inner and outer layers of the IPE (Figs. 4K and 9).
Contrastingly, Pax6 becomes absent from cells of the RPE
postnatally, whereas it is present in the IPE well into
adulthood (Kim and Lauderdale, 2006; Lord-Grignon et al.,
2006). The higher postnatal developmental potential of the
IPE relative to the RPE could be causally related to sustained
Pax6 expression (Zhao et al., 1995; Amemiya et al., 2004;
Engelhardt et al., 2005). Furthermore, Olig2 (Nakamura et al.,
2006), which is also implicated in retinal progenitor cell
maintenance, was detected in IPE cells both in vivo and in
vitro, a situation which again contrasts with both CE and RPE
(Fig. 2I).
In sum, we here provide evidence for heterogeneous
populations of endogenous multipotent cells in the IPE of
postnatal mice and rats and demonstrate their differentiation
into multiple neuronal cell types in vitro. Developmental
plasticity in the IPE is reminiscent of that exhibited by CMZ-
derived cells from cold-blooded vertebrates and is apparently
greater than that of either the mammalian CE or RPE. This
suggests that IPE stem/progenitor cells will reveal generalizable
principles governing the regulation of neuroectodermal stem/
progenitor cells and the mechanisms by which stem/progenitor
cells are maintained in niches within adult tissue. The relative
ease with which the IPE can be surgically isolated as arecognizable structure to yield proliferative cells in vitro holds
promise both for their use as a discrete model system and as a
source of cells for autologous and other transplant therapies.
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